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Abstract 
 
 
 
 
 
 
With increasing awareness of indoor air pollution and the relation 
between outdoor and indoor ratios of contaminants, studies have been 
carried out to determine the concentrations of these pollutants in 
indoor air especially in schools, restaurants, residential areas and 
hospitals. Formaldehyde and acetaldehyde are important carbonyl 
compounds in chemical reactions in the troposphere. However due to 
their adverse effects on human health and their presence in indoor air, 
there is a need to monitor and determine their sources in indoor air 
quality and possible mitigation actions to implement in order to reduce 
their levels in occupational and living environments. A study was 
undertaken in a Portuguese school (Escola de Gloria) in Aveiro where 
indoor and outdoor air carbonyls were measured in order to gain 
information about child exposure in school environments. Carbonyl 
compounds were measured using passive samplers over a nine-week 
period. Active sampling of carbonyls was carried out for three days to 
determine the time weighted average (TWA) and diurnal variation. 
Results show the presence of formaldehyde, acetaldehyde, 
propionaldehyde, butyraldehyde and benzaldehyde to be the most 
common carbonyls found during sampling. High levels of indoor 
carbon dioxide were found during occupation periods (2671ppm). The 
concentration of carbonyls obtained during occupation period in the 
first weeks is higher indoor than outdoor with highest concentrations 
of acrolein/acetone (2179 µg/m
3
) found, followed by butyraldehyde 
(38.51µg/m
3
), formaldehyde (26.70µg/m
3
) and acetaldehyde 
(22.85µg/m
3
). High I/O ratios were also reported and this  could 
suggest carbonyls being generated from indoors sources 
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CHAPTER 1. I
TRODUCTIO
 
1.1 Background 
 
Until recently, most concerns regarding air quality were focused on outdoor pollution and 
its effects on human health. However, it is clear that exposure to indoor air pollutants is 
quite significant, given that people spend most of their time indoors. Human exposure 
occurs when an individual comes into contact with a pollutant of a certain concentration 
during a certain period of time. Previous scientific studies mostly focused on exposure to 
outdoor air pollutants. This is important as many human activities take place outdoors, but 
when we compare the time spent in outdoor environment, they assume a small 
contribution. Nevertheless, each micro-environment has unique characteristics, determined 
by local outdoor air, specific building characteristics and indoor activities. As a result, each 
individual’s personal exposure will be determined by the different indoor/outdoor micro-
environments and pollutant levels to which they are exposed and the residence time, spent 
in each one (Stranger et al. 2007).  
Air pollution awareness has greatly improved by most measures with increasing attention 
on indoor air pollution. Over the last century, indoor air pollution has become a major 
environmental issue in Europe, with emphasis on indoor air quality in schools, work 
environments and personal dwellings. In Portugal, limited studies have been carried out 
regarding indoor air quality in schools (Pegas et al. 2010). Children are exposed to a 
complex mixture of air pollutants which include particulates, gaseous materials and micro-
organisms generated in different micro-environments. Consequently, they are more 
vulnerable to compromised indoor air quality because of their immature immune systems, 
high breath intake per unit mass and rapid growth (Faustman et al., 2000). 
Formaldehyde being the most abundant aldehyde in the atmosphere is amongst some of the 
pollutants found in indoor environments. Recent studies have shown that apart from 
formaldehyde, other carbonyl compounds have been detected in indoor environments as 
well (acetaldehyde, acrolein, propionaldehdye, benzaldehyde)(Wang et al. 2007, Pegas et 
al. 2010). Their presence could be accounted for by influence from outdoor environment or 
from other sources found in indoor environments. Indoor air quality has become a 
significant environmental health issue. Concerns about IAQ are driven mainly by human 
 
 
2 
health problems (respiratory problems, dizziness, asthma, allergies etc) attributed to 
exposure to gaseous, particulate and microbial contaminants. A wide range of air pollutants 
are generated from indoor environments with most of them associated with particulate 
matter (PM2.5, PM10, polycyclic aromatic hydrocarbons PAHs), alongside carbonyl 
compounds (Slezakova et al., 2009). 
According to Slezakova et al., (2009), exposure levels to harmful indoor air pollutants are 
significant for the protection of human health given the amount of time people spend 
indoors and the activities they perform therein. Health problems such as irritation of eyes, 
nose and upper airway tracts have recently been associated with increase in indoor volatile 
chemicals, including formaldehyde. This is due to contaminant concentration and the 
ubiquitous nature of these volatile chemicals in the environment, derived from a variety of 
sources, such as building materials, furniture, paper products, cleaning products, arts and 
crafts materials as well as personal care (Sofuoglu et al. 2010).The World Health 
Organization (WHO) reports that indoor air pollution is the major killer in most developing 
and poor countries, with an estimated 1.6 million people killed annually due to inefficient 
and poorly ventilated stoves, burning of biomass fuels like wood, coal and crop waste 
(WHO,2010 ). 
Among the harmful pollutants in indoor air environments, volatile organic compounds 
(VOCs) and carbonyl compounds contribute to the most serious air pollution problems 
both in indoor and outdoor air, hence considered toxic air pollutants (TAPs). Although 
dangerous to human health, carbonyl compounds are common constituents of the 
atmosphere and major species of organic pollutants in the atmosphere (Granby et al.,1997; 
Zhang and Smith, 1999) and play an important role in atmospheric chemistry (Grosjean et 
al., 2002; Baez et al.,2003). 
Evaluation studies on carbonyl compounds (CEPA, 1993; Grimaldi et al., 1998; WHO, 
2010) have reported that lower molecular weight carbonyl compounds like formaldehyde 
and acetaldehyde are toxic, carcinogenic and mutagenic; hence their presence in the 
environment is of great concern with regards to indoor air and public health. 
Limited studies have been carried out involving the impact of indoor air quality in schools 
as compared to studies involving indoor air quality in other buildings (residential, offices, 
hospitals). With the growing rate of children affected by allergies and asthma, IAQ in 
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schools has become a major priority in Europe. According to EFA Thades report (2003), 
one out of every three children in Europe has allergy or asthma and this is associated with 
indoor allergens. Following these findings, the International Society of Indoor Air Quality 
and Climate change (ISIAQ) has developed guidelines towards IAQ in schools in 
partnership with the European Federation of Asthma and Allergy Associations (EFA). It 
has been suggested that poor indoor air quality in schools may interfere with learning 
activities and could cause short to long-term health effects (Mendell and Heath, 2005). 
Avigo et al., (2008) have stressed the need for good indoor air quality control in 
elementary schools, after observing from their studies that school children spend at least 
30% of their time inside classrooms. Therefore, it is important to determine the sources of 
these pollutants in indoor air in order to enhance the air quality (IAQ) in schools.  
1.2. Objectives 
 
This study aims at assessing the contribution of carbonyl compounds to poor indoor air 
quality in a primary school, as well as evaluates which are the main emission sources 
responsible for this group of carbonyls in indoor environments. In this sense, the 
specific objectives developed for this study include:  
• Identify and quantify the different carbonyl compounds, both indoor and outdoor 
alongside ambient parameters like temperature, humidity, carbon dioxide, carbon 
monoxide and TVOCs along two seasons (winter and spring). 
• Evaluate the impacts of different activities and ventilation on levels of carbonyl 
compounds in indoor air quality of the school. 
• Establish an inter-comparison between indoor/outdoor ratios of carbonyl 
compounds during occupation and non-occupation periods on a week-day basis. 
• Determine possible emission sources of these compounds in the classroom. 
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CHAPTER 2. LITERATURE REVIEW 
 
2.1 Introduction to Indoor Air Pollution and some Definitions 
 
Environmental agencies like US Environmental Protection Agency (EPA) and Health 
Canada have reported that levels of indoor pollutants may be significantly higher than 
outdoor levels. Stranger et al., (2007) reported that each indoor micro-environment is 
uniquely distinguished and determined by the local outdoor air, building characteristics and 
indoor activities. Consequently, each individual’s exposure will be determined by the 
different indoor micro- environment to which they are exposed and the time spent in each. 
Several studies have been conducted worldwide in order to evaluate indoor air pollutants 
and their sources in various indoor environments. 
Barnes et al (2009) studied the relationship between household energy, indoor pollution 
and child respiratory health in South Africa. Majority of the world’s population that rely on 
solid biomass fuel for domestic energy purposes are in poor and developing countries. Data 
showed that children (under 5years) living in households reliant on polluting fuels (for 
example wood, coal) are 2-4 times more susceptible to acute lower respiratory infections 
(ALRI) than those living in households that rely on electricity; resulting to an estimated  
1400 deaths of under five year-olds annually in South Africa due to indoor pollution. 
Clarisse et al., (2003) studied and measured six aldehyde levels in Paris houses from 
different sources and identified their indoor determinants. The study was carried out in 61 
houses in Paris and its suburbs in a two phase sampling period (from March 16 to June 1 
and from September 3 to October 26 in 2001). Radiello Passive samplers were used to 
sample aldehydes. Results obtained showed that propionaldehyde and benzaldehyde were 
of minor importance compared to formaldehyde, acetaldehyde, pentanal and hexanal. Their 
findings also correlated mean carbon dioxide levels with high acetaldehyde, pentanal and 
hexanal concentrations. The authors also reported that formaldehyde concentration levels 
depended mainly on the age of the floor coverings. Moreover, they also found that pentanal 
and hexanal levels are correlated not only with floor and recent wall coverings but also 
with ambient parameters (carbon dioxide and temperature) and smoke. 
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Marchand et al. (2006) measured concentrations of aldehydes indoor environments of 
different public area (railway station, airport, library etc) and 22 private homes in 
Strasbourg area (East of France). DNPH-derivitisation method was used to quantify 
aldehyde levels, followed by liquid chromatography coupled with UV detection. Results 
revealed high concentrations of formaldehyde and acetaldehyde at the airport and railway 
stations, in the range 1 to 10 µg.m
-3
. In homes, average indoor concentrations for 
formaldehyde were 46 µg.m
-3
(bedrooms), 37 µg.m
-3
(living rooms), for acetaldehyde, 1.2 
µg.m
-3
(living room)
 
and 1.6 µg.m
-3
(bedrooms), propionaldehyde 9µg.m
-3
(living rooms) 
and hexanal 10 µg.m
-3
(bedrooms). Highest concentrations of formaldehyde in public 
places, was found in the library (62 µg.m
-3
) and acetaldehyde (26 µg.m
-3
) in the shopping 
centre. 
Furthermore, results obtained by Lu et al. (2006) in sampling indoor concentration of 
carbonyl compounds in hospitals in China, showed high concentrations of acetone and of 
the 21carbonyls sampled in the various sites, acetaldehyde had the mean highest 
concentration in most sampling sites. Also the indoor/outdoor ratio for the sampled 
carbonyl and BTEX compounds was greater than 1 and this could be accounted for by the 
use of medical reagents in the hospitals, emissions from factories, weather conditions while 
sampling and also from indoor ozone chemistry in generating indoor aldehydes. Other  
studies conducted on indoor air quality and carbonyl compounds (for example, ; Williams 
et al., 1996; Lisa et al., 1998; Disdier et al., 2005; Feng et al., 2010) were included in this 
study. Prior to discussing these studies, some definitions are stated below. 
Indoor Air Pollution (IAP): Indoor air pollution refers to the chemical, biological and 
physical contamination of indoor air which may result in adverse health effects. 
 
Indoor Air Quality (IAQ): IAQ refers to the air quality within and around buildings 
especially as it relates to the health and comfort of the occupants. 
 
Pollution from particles and other organic substances may affect indoor air quality and lack 
of good ventilation may help increase their concentrations. Matos et al (2010) reported that 
increase in density of buildings, equipment of the building (heaters, photocopiers, and 
computers), cleaning has led to increase levels of indoor air pollution and a reduction in 
IAQ. IAQ in a building is affected by the interaction between the building’s location, the 
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climate, the ventilation system, the number of occupants and the sources of contamination. 
Moreover the authors in their study identified some factors that affect IAQ and their 
possible sources of contamination (table 2.1). 
Table 2.1 Factors affecting Indoor air quality  
Factor Source 
Temperature and high values of moisture Poor humidity control, inability of building 
to compensate for extreme weather 
conditions, number of equipment installed 
Carbon dioxide Number of occupants present, combustion 
sources (heaters) 
Carbon monoxide Emissions from vehicles, combustion, 
tobacco smoke 
Formaldehyde  Glues, plywood, carpets, furniture, carbon 
paper 
Particles HVAC filters, smoke (tobacco), carpets 
Organic compounds (VOCs) Copiers and printers, tobacco smoke, paints, 
adhesives, perfumes, cleaning products 
Inadequate ventilation Energy saving measures and maintenance, 
poor design of HVAC system, inadequate 
design of evaluation spaces. 
 
Also the presence of odours could be an indicator of poor air quality in indoor/outdoor 
environments whether or not it causes symptoms. Their presence can be evaluated based 
on the concentration of the source (pollutant) and the amount of time an individual is 
exposed to this concentration. Matos et al.2012 classified some typical odours by means of 
their source pollutants and associated some symptoms observed during exposure, in 
indoor/outdoor environments (table 2.2). 
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Table 2.2 Sources of odours and their symptoms 
Odour type Source (pollutant source) symptom 
Exhaust fumes (diesel) Carbon monoxide Headaches, nausea, 
dizziness 
Body odour High levels of carbon 
dioxide due to low 
ventilation rates, 
overcrowding 
Headaches, fatigue 
Damp and musty smell Bacterial formation due to 
humidity 
Allergic symptoms 
Solvents, perfume odours, 
chemicals, pesticides 
VOCs and formaldehyde Dizziness, allergic reactions, 
irritation of eyes, nose and 
throat 
Source: Adapted from Matos et al. 2010 
 
Toxic Air Pollutants (TAP): Toxic air pollutants are defined as substances that have the 
potential to cause serious and adverse health effects and damage to the environment 
(Boubel et al., 1994).  
 
They differ from other primary air pollutants like SO2, NO2, particulate matter (total 
suspended particulates and respiratory suspended particulates) in that  even when they are 
present in relatively low concentrations in ambient environment, their health effects are 
typically carcinogenic in nature (Lee et al., 2001). Some TAPs can cause severe health 
problems if an individual is exposed for a long period of time. The extent to which TAPs 
affect human health is dependent on the concentration of the pollutant exposed to, 
frequency of exposure, duration of exposure, toxicity of the pollutant and the individual’s 
susceptibility and health state. Several toxic pollutants are released from various sources 
which may include natural sources (volcanic eruptions, forest fires), anthropogenic 
sources/ man-made sources (combustion fumes from vehicles, factories, power plants, 
refineries). In indoor environments, air toxics may be found from sources which may 
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include cleaning solvents, volatile paints and other household activities. US EPA under 
Title III of the Clean Air Act 1990 has classified 189 pollutants as TAPs based on their 
ability to cause cancer or other serious health effects to humans1. 
US EPA, under the Clean Air Act regulation, classifies air toxics into two groups; TAPs 
and Criteria pollutants. Criteria pollutants involve those pollutants that are found in 
relatively large quantities in the lower atmosphere and in populated urban areas. They 
differ from TAPs due to their large concentrations in ambient air. Six main pollutants are 
classified under criteria pollutants and regulated under Title I of the Clean Air Act 1990. 
Table 2.3 summarizes examples of TAPs and criteria pollutants as defined by USEPA 
Table 2.3 Examples of Criteria pollutants and TAPs 
Criteria Pollutants TAPs 
Carbon monoxide Acetaldehyde 
Ozone Benzene 

itrogen dioxide Perchloroethylene 
Sulphur dioxide formaldehyde 
Lead Toluene 
Particulate matter Methylene chloride 
 Asbestos 
 Dioxin 
 cadmium 
Source: Adapted from US EPA
1
 
Sick Building Syndrome (SBS): SBS is a term which refers to buildings in which 
majority of the occupants experience acute health and comfort effects that seem to be 
linked to the time they spend in the buildings but in which no specific illness or cause can 
be identified.  
This is mostly caused by excessive indoor air pollution and common symptoms may 
include headache, fatigue, skin irritation, watery eyes, dizziness and nausea (EFA THADE 
report, 2003). Cases of such still occur in some countries like Japan (Harada et al., 2010),  
                                                     
1
 http://www.epa.gov/ttn/atw/allabout.html Accessed May 15 2011. 
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and they are associated to poor buildings even though the Japanese government has 
implemented strict regulations on indoor chemical substances used in buildings. 
 
2.2 Carbonyl Compounds 
 
2.2.1 Occurrence 
Carbonyl compounds are reactive volatile substances, having the carbonyl group. They 
range from aldehydes, esters, carboxylic acids to ketones. They are present in ambient air 
and ambient carbonyls are mostly emitted in exhaust gases of vehicles and industrial 
machinery through incomplete combustion of hydro-carbon fuels (Liu et al., 2006), other 
sources include cigarette smoking, cook stoves, building and decorating materials, 
household commodities and furnishings. Another important source of carbonyl compounds 
is atmospheric photochemical reactions (photochemical oxidation of atmospheric 
hydrocarbons and precursors of free radicals, ozone and peroxyacyl nitrates (Bidleman et 
al., 1986; Baek et al., 1991; Baez et al., 1995; Granby et al., 1997). They are major 
contributors to urban photochemical smog as they are a source of free radicals in the 
atmosphere, acting as precursors to the formation of organic aerosols. They are of major 
importance in indoor air environments due to their irritant effects at relatively low 
concentrations (Godish, 2000). Examples of typical carbonyl compounds found in indoor 
environments include formaldehyde, acetaldehyde, acrolein, benzaldehyde, 
isovaleraldehyde and hexanal.(Table 2.4) The Clean Air Act Amendments of 1990 
classifies formaldehyde, acetaldehyde and propionaldehyde as air toxics (USEPA, 1991).  
Graedal et al., (1986) listed 100 aldehydes that are present in urban atmosphere from 
sources which include industrial activities, fossil fuel combustion, sewage treatment 
microbiological processes etc. Atmospheric aldehydes are divided into three groups; 
saturated aliphatic, olefinic and cyclic aromatic aldehydes.  
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Fig 2.1 Chemical structures of common carbonyl groups 
 
2.2.2 $atural sources 
 
The occurrence of carbonyl compounds in the atmosphere range from natural sources to 
secondary formation through photochemical reactions in the atmosphere. Natural sources 
of carbonyls include mostly plants for example; acetaldehyde found in apples and also as a 
by-product of fermentation; olefinic and aromatic aldehydes found in essential oils of fruits 
and plants like citronella in rose oil, citral in oil of lemongrass and benzaldehyde in oil of 
bitter almonds. However, natural sources do not contribute much to the presence of 
carbonyls in ambient air (WHO, 2010) as some carbonyl compounds could arise from 
photochemical reactions involving biogenic VOC emissions like terpene compounds. 
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Table 2.4 Studies on Carbonyl compounds and their concentrations in different Indoor environments 
Author/ source Country /year Methods concentration results 
Minami et al. Japan 1997-1998 Indoor formaldehyde 
concentrations 
were measured 17 times, for 
28 
days, in 42 homes (48 hours 
Sampling for each 
measurement). 
Formaldehyde 
concentrations 
ranged between 0.07 ppm 
(91.25 µg/m3) and 0.23 
ppm 
(290.00 µg/m3). 
 
Formaldehyde 
concentrations 
exceeded the Japanese 
Government’s guideline 
value 
of 0.08 ppm (100.00 
µg/m3) in 
34 homes (81%) 
Brown et al.  UK (2002) Measurements were 
performed over three 
consecutive days in 876 
homes( in bedrooms) 
Geometric mean: 22.2 
µg/m
3
. 
The highest levels were 
found 
in new homes, and in 
autumn 
(26.1 µg/m
3
). The lowest 
levels 
were measured in winter 
(19.5 µg/m
3
) 
The levels of pollutant 
were 
higher in the homes with 
Particle board floors. 
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Garrett et al. Australia 
Latobe Valley 1994-
1995 
Formaldehyde levels were 
measured I 80 dwellings on 
four occasions with passive 
samplers. 
The median indoor 
formaldehyde level was 
15.8 
µg/m
3
 with a maximum of 
139 µg/m
3
 
Formaldehyde levels may 
reach peak concentrations 
in 
Australian dwellings. 
 
Lemus et al. USA 
 Southern 
Louisana(1998) 
Gas    chromatography 
analyses were performed from 
air samples collected in 
53homes. 
 
Indoor formaldehyde 
concentrations ranged 
from 
non-detectable values to 
6.60µg/m
3
 
Indoor formaldehyde 
concentrations generally 
exceeded the American 
Society of Heating, 
Refrigeration, and Air 
Conditioning Engineers 
(ASHRAE) recommended 
levels 
Liu et al. USA (1991) Indoor formaldehyde 
concentrations were measured 
in mobile homes using 
passive monitors. 
Formaldehyde concentrations 
were 
Measured for 1 week in 
summer and 1 week in winter 
Indoor formaldehyde 
concentrations ranged 
from non-detectable 
values (0.01 ppm 
(12.50µg/m
3
) to 0.46 ppm 
(575µg/m
3
). 
Formaldehyde 
concentrations may be very 
high in mobile homes.  
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. 
2.2.3 Anthropogenic sources 
 
Motor vehicle exhausts emit hydrocarbons which undergo photochemical reactions to 
produce formaldehyde and other carbonyls in the atmosphere. Formaldehyde is the major 
aldehyde present in diesel and petrol vehicle exhausts; hence vehicle exhausts are primary 
sources of carbonyls in the atmosphere. Also industrial processes account as a source of 
carbonyls like manufacture of aldehydes by oxidation of hydrocarbons and hydro-
formulation of alkenes.   
2.2.4 Secondary Pollutants 
 
Carbonyl compounds as secondary pollutants are formed in the atmosphere through 
complex photochemical reactions involving volatile organic compounds, ozone, nitrogen 
oxides (NOx radicals) and oxygen. The photochemical reactions are driven by sunlight and 
increase with temperatures. Fig. 2 illustrates the formation of carbonyls through a series of 
free-radical reactions, usually initiated through the reaction of a hydroxyl radical with a 
hydrocarbon (USEPA, 2003).  
 
Fig 2.2 Schematic equation showing the formation of formaldehyde from methane by 
reaction with OH-radical. (Adapted from Andrade et al, 2002). 
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Indoors, photo-oxidation reactions involving hydrocarbons and VOCs with ozone, can lead 
to the production of aldehydes in indoor environments. Singer et al. (2006) observed an 
increase in formaldehyde concentrations with the use of cleaning products in the presence 
of ozone in indoor environment, concentrations of 9-16 ppb and 5-10 ppb over periods of 
0-4 hour and 4-12 hours after cleaning. Morrison and Nazaroff (2002) studied ozone-
induced production of aldehydes with carpets. Their results indicate that surface 
interactions of ozone with carpets produced C1-C13 n-aldehydes and several unsaturated 
aldehydes; marked increase in total aldehyde emission rates with ozone exposure, from 1-
70µg m
2
 h
-1 
for unexposed samples, to 60-800µg m
2
 h
-1 
during exposure. 
Anthropogenic and biogenic emission sources account for in-situ formation of carbonyls 
especially formaldehyde (EPA, 1999). Aldehydes in particular are primary and secondary 
pollutants in the atmosphere. Their fate as photochemical reaction products, precursors in 
production of photochemical smog and source of free radicals, make it important to 
determine aldehyde concentrations in ambient air.  
2.2.5 Formaldehyde  
 
Formaldehyde being the most abundant atmospheric aldehyde (Williams et al., 1996) is 
produced by natural sources and anthropogenic sources. It is released by natural sources 
from biomass combustion (forest and bush fires) and from anthropogenic sources by fuel 
combustion from traffic and on-site industrial activities (WHO guidelines 2010). 
Formaldehyde is flammable, colourless, and highly reactive both chemically and photo-
chemically and is readily polymerized at ambient temperatures. Studies show that 
formaldehyde undergoes two primary reactions, photolysis and reaction with OH in the 
atmosphere with the production of carbon monoxide (CO) in both reactions and free 
radicals.  Indoor sources of formaldehyde include combustion processes such as smoking, 
heating, burning of candles, incense and volatilization of formaldehyde from several 
household cleaning products (IARC, 2006; Salthammer et al., 2010). 
Apart from formaldehyde being the most abundant and most concerned airborne carbonyl, 
it is classified as carcinogenic to humans by the International Agency for Research on 
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 Cancer (IARC, 2004). Other sources may include furniture and wooden-based products 
with formaldehyde-based resins, insulating material, paints, textiles etc. With the indoor 
sources, it is difficult to ascertain the major sources of formaldehyde which contribute to 
high indoor levels. According to Uhde and Salthammer (2007), secondary formation of 
formaldehyde takes place indoors by chemical reactions between ozone and terpenes.   
Formaldehyde in indoor air quality has received considerable attention both from public 
and research institutes. Various papers have been published in relation to formaldehyde 
concentrations in indoor air quality and in different countries. (Refer to table 1). Harada et 
al. (2010), reported formaldehyde concentrations increase with summer temperature and 
hence correlates positively with indoor temperatures. WHO has set indoor air guideline for 
formaldehyde concentration limit at 0.1 mg/m
3
 for an average 30min concentration and 
should not be exceeded at any 30 min –interval during the day. Moreover, other 
international organizations such as the California Office of Environmental Health Hazard 
Assessment (OEHHA), recommends exposure levels to formaldehyde of 76ppb for a one-
hour exposure and 27 ppb for an eight-hour exposure in residential homes (CARB, 2004). 
Formaldehyde is the main aldehyde in petrol and diesel vehicle exhausts, but Ball et al. 
(1991) ascertain it is difficult to establish in urban areas if formaldehyde arises from 
atmospheric photochemistry or from exhaust emissions. Lee et al. (2001) obtained high 
concentrations of formaldehyde and acetaldehyde at the roadside station and ascertained 
that the major source of these carbonyl compounds and PAHs in urban atmosphere 
involved vehicle emissions. Also seasonal variations of formaldehyde were registered, with 
high concentrations in summer than in winter, due to evaporation of fuel or photochemical 
reactions under solar radiation. The data obtained agrees with those obtained by Harada et 
al. (2010) that formaldehyde concentrations increase with summer temperature. 
Up to 70-80 % of total aldehydes in urban atmosphere are assumed to be formaldehyde, 
from automotive sources (Grosjean 1982). Further studies by Lawson et al. (1990) reported 
a correlation between ambient concentrations of formaldehyde and primary pollutants from 
motor vehicles. Formaldehyde concentration peaks varied on a daily morning to afternoon 
peak; with the morning peak associated with the presence of nitrogen oxide and particulate 
elemental carbon (PEC) and the afternoon peak associated with the presence of photo-
chemically produced ozone on site. This data clearly showed that automobile sources 
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contribute significantly to aldehyde ambient concentrations. Health problems associated 
with formaldehyde exposures include irritation (mostly eyes, nose and throat), ability to 
cause sensitization, asthma and carcinogenicity.  
2.2.6 Acetaldehyde 
 
Acetaldehyde being the second most abundant carbonyl compound is found both naturally 
and in diesel exhausts. It is abundant in urban areas with a range of 2-39 ppb (Williams et 
al. 1996). Lu et al. (2006) reported high levels of acetone, acetaldehyde and formaldehyde 
in indoor air in hospitals in China. Their concentrations indoor were relatively higher than 
in the outdoor environment. This showed that indoor sources accounted for the increase in 
indoor concentrations of these carbonyl compounds. Also, Williams et al., (1996), reported 
that aldehyde concentrations are dependent on photochemical activity, with higher 
concentrations during the days with high photochemical activity while formaldehyde 
concentration decreased with decrease in motor vehicle traffic.  
 
2.2.7 Ketones 
 
Graedel et al. (1986) identified over 220 individual ketones in the atmosphere. Among 
these are Aliphatic ketones; which are common atmospheric constituents and main sources 
of emission includes biological processes (sewage treatment), industrial use and fossil fuel 
combustion; Olefinic ketones and cyclic ketones, produced primarily by vegetation; 
Aromatic ketones resulting from fuel combustion (coal, petroleum and biomass). Although 
present in atmospheric air, little has been studied about their concentrations and chemistry 
in indoor environments. 
2.2.8 Comparison of methods used to measure Carbonyls 
 
Various sampling guidelines have been established for the sampling of carbonyl 
compounds both in indoor and outdoor environments. The United States Environment 
Protection Agency (EPA) and the European Union (EU) have guideline techniques for 
measurements of these compounds especially formaldehyde. The use of a specified method 
depends on the type of compounds to be sampled. The most common quantitative 
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technique used in determining carbonyls active sampling with DNPH cartridges and 
derivatization by UV-HPLC analysis (mostly applied in determining C1-C5 aldehydes and 
ketones). One advantage to this method is that it detects almost all of the carbonyl 
compounds, with high sensitivity and detection limit of 0.002 mg/m
3
 (IARC, 1995) but due 
to limitations, solid-adsorbent technique is more convenient than the impinger method. 
Other techniques used for the detection of formaldehyde and other carbonyl compounds 
include spectrophotometry, colorimetry, fluorimetry, polarography, infrared detection and 
gas detector tubes (IARC, 1995). 
Williams et al. (1996) used the US EPA Method TO5 (10) wet chemical technique (one of 
the methods used in measurements of carbonyl compound concentration in ambient air and 
indoor air) in estimating the concentration of some carbonyl compounds. The concept 
behind this method involved air being drawn into a midget impinger containing acidified 
solution of 2, 4- dinitrophenylhydrazine (DNPH) by a peristaltic pump. Two 25cm
3
 jet 
inlet impingers (A and B) were loaded each with 10 cm
3
 of DNHP reagent and 10 cm
3
 of 
iso-octane. They were later on connected in series and placed in an insulated ice bath with 
a third impinger containing silica gel. Ambient air drawn by the peristaltic pump is 
sampled at a flow rate of ≈ 0.5 l/min for 2-3 hrs and the total sampled air volume recorded 
by a gas meter (maximum sampled volume 80L).
 
They used the solid-phase extraction 
technique where air was drawn through a cartridge (Waters SEP-PAK DNPH-silica 
cartridge) containing chromatographic-grade silica coated with acidified 2, 4 DNPH (same 
volume of air and sample time as applied in the first method with the same flow rate.)  In 
both techniques, sampled carbonyls reacted with the DNPH to form stable 
dinitrophenylhydrazones and the concentrations later were determined using reverse phase 
high performance liquid chromatography (HPLC) with UV diode array absorption 
detector. Comparing results from both methods, they reported that US EPA Method TO5 
was more sensitive than the solid-phase extraction technique and more carbonyls were 
detected under same sampling conditions. Lee et al. (2001), Feng et al. (2004, 2005), Lu et 
al. (2006) also had similar results using the same method above. 
Other studies on sampling carbonyl compounds in ambient air involve DNPH 
derivatization and electro-spray ionization tandem mass spectrometry (LC-ESI-MS/MS) 
detection used by Chi et al. (2007) to sample low carbon carbonyl compounds. The method 
was applied to samples from a residential area in China and data obtained showed acetone 
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to be the most abundant carbonyl compound, followed by formaldehyde, acetaldehyde and 
butyraldehdye/2-butanone. Moreover, they also demonstrated the effectiveness of the LC-
ESI-MS analytical method in determining more carbonyl compounds in air samples than 
the LC-UV method (liquid chromatography with UV detection). 
Uchiyama et al. (2004) reported the presence of carbonyl compounds in indoor air using a 
diffusive sampling device (DSD-DNPH). The device was developed for the collection of 
21 carbonyl compounds. It comprised of a silica gel coated with DNPH as the adsorbent, a 
porous sintered polyethylene tube, acting as a diffusive membrane and a small 
polypropylene syringe used for the elution of analytes from the adsorbent. A side by side 
comparison with active samplers, showed a good correlation (formaldehyde r
2
 = 0.992). 
Furthermore, they reported that the relative standard deviations of formaldehyde and 
acetaldehyde concentrations were 5.5 % and 8.6 % respectively, with a face velocity from 
0 to 5.0 ms
-1
. 
Hak et al. (2005) intercompared four different in-situ techniques for ambient formaldehyde 
measurement in urban air. Six research groups employed eight instruments for four 
different techniques: Differential Optical Absorption Spectroscopy (DOAS), Fourier 
Transform Infrared (FTIR) interferometry, the fluorimetric Hantzsch reaction technique 
and a chromatographic technique involving C18-DNPH-cartridges.Results showed 
formaldehyde concentrations determined by DOAS, FTIR and the Hantzsch instruments, 
were found to agree within ±11%. Integrated samples by DNPH, sampled over a two hour 
period showed lower concentrations (up to 25%) than the continuous measuring 
instruments over the same time period. 
Masayuki et al.(2007) experimented sampling carbonyl compounds using passive 
samplers, made of porous polyethylene cylinders, uniformly packed with O- (-4-cyano-2- 
ethoxybenzyl) hydroxylamine (CNET) coated silica gel as reactive adsorbent. This passive 
sampler was applied to field measurements and they obtained similar results when 
compared to 2,4-DNPH coated cartridges. Moreover, results stated that CNET was less 
degradable when exposed to ozone than DNPH hence a more suitable passive technique 
for sampling carbonyls. 
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2.3 Indoor Air Quality in Schools (IAQ) 
 
In the past, much attention was paid to studies related to outdoor air contaminants. With 
the increasing awareness of indoor air pollution and the relation between outdoor and 
indoor ratios of contaminants, studies are carried out to determine concentrations of 
pollutants in indoor air especially in schools, restaurants, residential areas and hospitals. 
IAQ in schools is of major importance as there is high occupant density, insufficient 
outdoor air supply, poor construction and high incidence of allergic and infectious diseases 
(Pegas et al. 2010). Sofuoglu et al. (2010) in their study of indoor air concentrations of 
volatile compounds in Turkish schools, ascertain that children aged 7-14 spend about 5-8 
hours daily in the schools and this is important in terms of exposure and the amount of 
time spent indoors.  Moreover, good IAQ contributes to favourable learning environment 
since poor IAQ affects the health of the students, staff, educational process as well as cost. 
The US EPA has set out guidelines (tools) on IAQ in schools to enable prevent, assess and 
identify major indoor air problems with minimal cost. The tools involve background 
information on IAQ and pollution strategies, checklists for different building systems and 
pollution control strategies, as poor buildings also affect IAQ.  
Studies carried out indicate high concentrations of indoor air pollutants indoors than 
outdoors. Norback et al. (1990) measured VOC and formaldehyde concentrations in six 
classrooms in Sweden and reported that concentrations of formaldehyde found were below 
the detection limit (<10 µg/m
3
) and the mean indoor total VOCs concentration, ranged 
from 70 to 80 µg/m
3
. Smedje et al. (1997) investigated the presence of VOCs and 
formaldehyde in 38 randomly selected schools and found concentrations of formaldehyde 
below the detection limit of 5 µg/m
3
 and the average sum of 14 identified VOCs to be 
35µg/m
3
, with high concentrations of toluene, limonene, n-decane and xylene. Additional 
substances found apart from carbonyls in indoor air include benzene, toluene, ethylbenzene 
and the isomers of xylene commonly known as BTEX. They are VOCs emitted from fuel 
combustion by road traffic. They are mostly found in combination with carbonyls in indoor 
air. BTEX are known to cause haematological problems (benzene) and affect respiratory 
system and even cause cancer (Pearson et al. 2000).  
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Lee et al. (2002) investigated VOCs and formaldehyde in 10 schools in Hong Kong, with 
air-conditioned classrooms and located urban, industrial and residential area. Results 
indicated average indoor formaldehyde concentrations did not exceed the standard (100 
µg/m
3
) and the most abundant VOCs found were benzene (3.13 µg/m
3
), toluene (17.7 
µg/m
3
), ethylbenzene (4.20 µg/m
3
), p/m xylene (3.30 µg/m
3
) and o-xylene (1.66 µg/m
3
). 
Godoi et al. (2009) reported BTEX concentrations in elementary schools in Curitiba were 
high and indoor/outdoor ratios larger than 1; indicating possible accumulation of these 
pollutants in classrooms and influence of outdoor environment on indoor air quality. Also 
similar results were obtained by Pegas et al. (2010) in schools in Lisbon with high benzene 
concentrations indoors (ranging from 0.2-0.9 µg/m
3
 than outdoors; although it was lower 
than the EU limit for mean annual benzene exposure (5 µg/m
3
).With respect to carbonyl 
compounds, mostly atmospheric aldehydes were present with concentrations of 
formaldehyde in particular much higher indoor (from 1.48- 42µg/m
3
) than outdoor, 
indicating indoor sources. For example composite wood, tobacco smoke, combustion 
processes all contribute to indoor levels of formaldehyde than outdoor sources (vehicle 
exhausts). It is therefore of high importance to monitor indoor air quality in school to 
create a healthy environment for studies which does not impair health. This study is part of 
an enlarged study that seeks to evaluate and characterise indoor air quality in Portuguese 
schools.  
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CHAPTER 3. METHODOLOGY  
 
This study is part of an enlarged monitoring campaign of comfort parameters, particulate 
matter (PM10), carbonyl and volatile organic compounds. An intense sampling campaign 
was carried out for a period of nine weeks beginning from 28
th
 February to 27
th
 May 2011. 
Sampling of carbonyls was carried out alongside VOCs using passive samplers and 
particulate matter. Active sampling of carbonyls and VOCs was also carried out twice 
(once in the beginning of the campaign and another sampling in the end of the campaign). 
A total number of 40 samples were collected using passive sampling and 20 samples for 
active sampling. During the 4
th
 week of sampling, plants were introduced into the 
classroom in order to determine their role in reducing concentration of air pollutants in 
indoor environments.  The study was carried out in a Portuguese school that is 
representative of most characteristics found in schools in Portugal urban areas. The study 
focused more on carbonyl compounds and this chapter gives a detailed description of the 
methodology and analytical procedures used. 
3.1 School location and Description 
 
The study was conducted in Escola de Gloria situated in Aveiro. Aveiro is a small urban 
city situated in the Centre Region of Portugal, with a total area of about 199.9km
2
, a 
population of about 73,559 inhabitants and it is located along the Atlantic coast. 
Mediterranean climate trends are observed in Aveiro, with hot summers (with an average 
maximum high temperature of about 30
o
C) and mild winters (average maximum  daytime 
temperatures range from 13-18
 o
C and minimum temperature of about 5
 o
C in the mornings 
and at night). July and August are the warmest months. Annual rainfall in Aveiro ranges 
from about 700-800 mm (Fig 3.1 a and b)  
Escola de Gloria is located close to the Aveiro city centre, situated at Rua Gustava Ferreira 
Pinto Basto (40⁰ 38’ 16.76’’N; 8⁰ 39’ 09.85’’W) with an elevation of about 8 m. The 
establishment represents typical urban characteristics and it is located near a very intense 
traffic route. It consists of two main blocks; each having six classrooms, distributed on two 
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floors. It also comprises of four offices, a gymnasium, a library and a multipurpose 
cafeteria. Indoor and outdoor air samples were collected at the school both during class 
periods and during the whole week. The class chosen for sampling, had an electric heater, 
with windows closed during the first two weeks of sampling due to cold weather. From the 
fifth week, two windows were usually left open all day for the remainder of the sampling 
campaign.  The class was situated on the second floor and had a dimension of 7 m x 7.30 
m, with height 4.5 m and a total surface area of 51.1 m
2
.  
 
 
 
Fig 3.1 a) Rainfall distribution b) Temperature distribution in Portugal. Source: Adapted 
from Atlas Do Ambiente. 
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Fig 3.2: Google Earth map and photo of Escola de Gloria 
The room was equipped with a blackboard, a computer, a projector, and the floors were 
wooden. Cleaning was done at the end of each day, with the blackboard, tables and 
corridors cleaned with a water soluble cleaning product, LPT-HACCP with wild flower 
scent produced by SOLIS, a Portuguese company. Other cleaning products used in the 
school included AGISOL and hypochloride solution, produced by SOLIS as well for the 
cleaning of toilets. The number of students found in the class daily ranged from 13-15 
pupils, with an age range of 7-11 years old. 
 
3.2 Sampling and Analysis 
 
3.2.1 Comfort Parameters 
 
Sampling was carried out during a period of nine weeks, with pollutants and comfort 
parameters measured simultaneously both indoors and outdoors. Comfort parameters like 
temperature, carbon dioxide (CO2), relative humidity (RH), carbon monoxide (CO) and 
total VOCs were measured continuously with an automatic portable Indoor Air IQ-610 
Quality probe (Gray Wolf
®
 monitor ) in the classroom. The monitor includes a Pt probe to 
measure temperature, a capacitance probe to sense RH, a CO2 non-dispersive infrared 
sensor and a CO electrochemical sensor all of them with an extremely fast response. The 
monitor also includes a photo-ionisation detector to track total VOCs over time. It displays 
real time measurements and allows for logged data to be downloaded to WolfSense
® 
PC 
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software for analysis (Pegas et al. 2010). The equipment was supplied with a factory 
calibration certificate but it was further checked prior to its use with appropriate calibration 
kits. 
3.2.2 Passive Sampling 
 
Passive samplers for carbonyl compounds from Radiello
® 
were used to obtain a screening 
of heavy and light molecular weight compounds over the nine-week period. Indoor passive 
samples (classroom and corridor) were collected at a height of about 1.5 m above the floor. 
The samplers were positioned at a distance that should exceed 1m from a window or door. 
Outdoor samples were collected at heights of about 2m above the ground. Carbonyl 
compounds collected in the cartridges filled with 2,4-dinitrophenylhydrazine reacted to 
give the corresponding 2,4-dinitrophenylhydrazones (fig 3.3) where R and R
1
 are alkyl 
group or aromatic group (Ketones) or either aldehydes. The analytes were extracted with 2 
ml of acetonitrile. The glass vials were shaken for approximately 30 mins and the extract 
filtered through a 0.45µm disc membrane filters (Filtration Kit RAD 174) and later 
analysed by high-performance liquid chromatography (HPLC)
2
. The analytical system 
consisted of a Jasco PU-980 pump, a Rheodyne manual injection valve (sample loop of 
20µl), a Supelcosil LC-18 column (250 x 4.6 mm; 5µm; Supelco) and a Jasco MD-1510 
diode array detector, all connected in series (fig 3.4). Isocratic elution at room temperature 
was performed using acetonitrile/water solution (60/40, v/v) as the mobile phase at a flow 
rate of 1.5 ml/min. The carbonyl concentrations were quantified with external calibration 
curves constructed from standard solutions of TO11/IP-6A carbonyl-DNPH mix purchased 
from Supelco (US EPA, 1997).(See Appendix A). 
 
Fig 3.3 Reaction of carbonyl compounds with DNPH 
                                                     
2
 http://www.radiello.com/english/ald_en.htm accessed April 17 2011. 
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Fig 3.4: Photo showing HPLC system set-up 
The average concentration of carbonyls in passive samples over the whole sampling period 
is derived using the equation below (3.3)
2 
C (µg.m
-3
 ) = M (µg) /    Q (ml.min
-1
) T(min)   X  1000 
 
 Where C – concentration of carbonyl compound in (µg. m
-3
) 
M – mass of carbonyl compound in µg 
Q - Sampling rate 
T - Exposure time in minutes 
It should be noted that the sampling rate varies with temperature; the effect of temperature 
on the sampling rate is expressed by the following equation;
 1
 
Q k = Q298 (K/ 298) 
0.35
                                                             (3.4) 
Where Q k is the sampling rate at temperature K  
Q298 is the reference value at 298 K. 
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 3.2.3 Active Sampling 
 
Carbonyls were collected by drawing air through silica gel cartridges, impregnated with 
2,4-dinitrophenylhydrazine reagent (Waters Sep-Pak DNPH-silica). Active sampling 
involved a sampling train which consisted of a Thomas Pump to draw in air through 
prepared sampling cartridges, a dry gas meter to measure the volume of air sampled and 
ozone scrubbers to limit ozone interference during sampling. Studies have shown negative 
interference of ozone at high concentrations on carbonyl sampling by reacting with both 
the DNPH and its carbonyl derivatives (hydrazones) in the cartridge (ASTM 1997).  The 
dry gas meters were calibrated prior to use with a soap bubble meter and calibration curves 
were generated. Air was sampled at a flow rate of 2L/min for a sampling time of 1-2hours  
in agreement with the classroom cycles in order to get the time weighted average (TWA) 
of the samples, during occupational period. The volume of air sampled was measured at 
the beginning and end of each sample cycle. Sampling was done in parallel both indoors 
and outdoors, during which the cartridges were wrapped with aluminium foil to limit effect 
of sunlight (especially outdoors). After sampling, the cartridges were immediately removed 
from the sampling train, capped with their end caps and wrapped in aluminium pouches. 
The pouches were later transported to the lab in a cooler, filled with blue ice packs and 
stored in the refrigerator at temperatures below 0 
o
C until analysis. Carbonyl compounds 
collected in the cartridges react with the 2,4-dinitrophenylhydrazine to give corresponding  
stable derivatives of  2,4-dinitrophenylhydrazones as described earlier for passive 
sampling. The analytes were extracted with 5ml of acetonitrile by filtration through gravity 
feed elution and the extract collected in 3ml vials and later analysed by high-performance 
liquid chromatography HPLC with UV detection at absorption wavelength at 360nm. 
Figure 3.5 represents a typical set-up for an active sampling train for usage both indoor and 
outdoor. 
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Fig 3.5 Schematic diagram representing active sampling train.( A- ozone scrubber, B- 
silica cartridge, C- valve, D- pump, E- dry test meter). (Adapted from JEMES-MAP 
Lectures 2011) 
 
 
Fig 3.6 Photo to show sampling set up for Active sampling indoors. 
Calibration was done using a primary calibrator (soap bubble meter) for both dry gas 
meters. The initial and final volumes of both dry gas meter and bubble meter were 
recorded and the calibration curves obtained as seen in figs 3.7 and 3.8. 
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Fig 3.7: Calibration curve of DTM-Indoors. 
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Fig 3.8 Calibration curve DTM-Outdoors 
 
The concentration of carbonyl compounds for active samples is determined by calculating 
the total volume sampled under STP 
Vs = Vm ×PA / 760 × 273 / (273 +Ta)                                           (3.1) 
Where Vs - total volume of sample at 25
0
C and 760 mm Hg pressure 
 
 
29 
 
 Vm - total volume sampled at measured temperature and pressure 
 PA - average ambient pressure during sampling. 
 Ta - average ambient temperature. 
        
Calculating the concentration of carbonyl, the equation below is used 
C (µg.m
-3
) = M (µg) / Vs (m
3
)                                                                          (3.2) 
Where M is the mass of carbonyl compound and Vs the total volume sampled at 25 
0
C and 
760 mmHg. 
3.2.5 Quality Control 
 
The calibration standard solution (DNPH-Aldehyde/Ketone mix), purchased from Supelco, 
contained over 15 carbonyl compounds. Analytical method could be satisfactorily 
optimized for all 15 compounds, with acrolein and acetone appearing as one peak, 
resulting to a 14-peak chromatograph. Calibration standards were prepared with different 
concentrations (0.25, 0.5, 1.0 and 3.0µg/ml). Each standard was analysed and the area 
response tabulated against the mass concentration injected. The calibration curves gave a 
satisfactory linear fit (close to 1, R
2
>0.99). Samples were injected twice and carbonyl 
compounds were identified based on the retention time. The relative error for more than 
90% of the samples was less than 1.5%. 
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CHAPTER 4. RESULTS A
D DISCUSSIO
 
 
During nine weeks of sampling (28
th
 February – 27
th
 March), one representative classroom 
at Escola de Gloria was selected to perform the characterization of indoor air quality. The 
class was located on the second floor of the building. During the first two weeks of 
sampling, the weather was cold, with temperatures typical of a winter season. As from 
mid- March, the air temperature increases with change in season from winter to spring, 
reaching a maximum of about 30 
o
C. This chapter presents the results obtained after 
sampling and analysis using passive and active methods. Ambient parameters will be 
discussed as well as target carbonyl compounds identified. Samples were collected from 
the corridor adjacent to the classroom sampled in order to determine their contribution as a 
source to carbonyl compounds in the classroom.  
 
4.1 Comfort Parameters 
 
4.1.1. Temperature and Relative Humidity 
 
The daily variation of comfort parameters was recorded throughout the nine-week 
sampling period. The mean weekly average temperature values recorded at the school 
ranged from 16.6 ± 1.16 
o
C to 26.29 ± 1.34
 o
C and during class period (occupation), the 
values ranged from 17.13 ± 1.06
 o
C to 26.26 ± 1.56
 o
C, indoors (Fig 4.2). For outdoors, the 
values during the week and class periods ranged from 13.34 ± 3.83
 o
C to 24.47 ± 5.05
 o
C 
and 16.53 ± 3.10
 o
C to 28.93 ± 3.90
 o
C respectively. Temperature gradually increased from 
week 1-week 9 as the season changed from winter to spring. It is not uncommon for rain 
showers to be noticed during this period as the weather changed from warm and dry during 
the first two weeks to cold and wet around the fourth week and eight week and finally 
warm and hot conditions again in the last week (Table 4.1) 
Relative humidity mean average values indoors ranged from 47.56 ± 5.66% to 52.74 ± 
3.66%, registered for the week and during class periods only (occupation), 50.98 ± 5.54 % 
to 54.23 ± 3.94 % respectively (Fig 4.2). According to the University of Aveiro 
Meteorological station, Aveiro region usually records humidity values between 50 to 80 %. 
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Maximum values for relative humidity were recorded for week 2 and week 4 (72 and 79 % 
respectively). This could be accounted for by the wet and cloudy weather conditions 
observed during these weeks and minimum values were noted for week 5 and 7 (4.42 and 
23 % respectively). Sunny weather conditions could account for these values obtained. 
Also from week 5, the windows were opened all day to allow for ventilation.  
The recommended values for temperature in indoor environments for comfort are 20-23
 o
C 
during winter and 23-26
 o
C during summer, and for relative humidity, 30-60 %. The results 
obtained from this study are consistent with results obtained by Pegas et al (2010) in their 
study in Lisbon. The values obtained for this study were within the recommended range for 
indoor environments. Table 4.2 summarizes the temperature and relative humidity values 
recorded during the sampling time. 
Table 4.1  Daily weather conditions in Escola de Gloria 
 Monday Tuesday Wednesday Thursday Friday 
Week 1 sunny 
Week 2 rainy Cloudy 
and 
sunny 
Cloudy and 
rainy 
cloudy sunny 
Week 3 sunny cloudy cloudy 
Week 4 Cold and 
rainy 
cloudy cloudy sunny sunny 
Week 5 sunny 
Week 6 Sunny and cloudy 
Week 7 Sunny 
Week 8 sunny Rainy and cloudy sunny 
Week 9 Sunny 
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Table 4.2  Temperature and Relative humidity values Indoor 
Temperature(
o
C) Relative Humidity (%) 
Average±STDEV Average±STDEV 
 
W O W O 
Week 1 16.66±1.16  17.31±1.06 47.56±5.66 50.98±5.54 
Week 2 17.03±1.29 17.82±1.25 61.84±5.20 65.52±3.61 
Week 3 20.59±0.95 20.99±0.93 49.70±6.23 51.23±7.33 
Week 4 19.50±1.64 20.23±1.18 65.03±6.28 65.47±9.06 
Week 5 23.75±2.74 24.25±2.95 44.92±8.65 44.47±10.95 
Week 6 24.41±1.53 24.72±1.72 42.25±5.00 43.61±5.09 
Week 7 22.52±1.16 22.91±1.26 50.88±4.42 52.77±4.49 
Week 8 25.70±0.98 25.79±1.17 49.25±7.26 49.82±8.57 
Week 9 26.29±1.34 26.36±1.56 52.74±3.66 54.23±3.94 
W- Week, O-occupation. 
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Fig 4.1. Indoor average Temperature and Relative humidity. 
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Fig 4.2. Outdoor average Temperature and Relative humidity. 
4.1.2. Carbon dioxide and Carbon monoxide 
 
Indoor carbon dioxide (CO2) levels recorded were higher than outdoor levels, with average 
occupancy values ranging from 582.17-2671.70 ppm and 332.17-489.34 ppm respectively. 
The National System for Energy and Indoor Air Quality Certification of Buildings 
establishes an acceptable maximum value (AMV) of CO2 of 1800 µg/L (≈ 1000 ppm) for 
buildings in Portugal (RSECE 2006).Measurements of CO2 were higher than the maximum 
value depicted by RSECE. 
CO2 concentrations are often used as a surrogate for the rate of outside air supply per 
occupant. Indoor concentrations higher than 1,000 ppm are usually indicative of ventilation 
rates that are unacceptable with regards to body odour (ASHRAE, 1999), but Daisy et al. 
(2003) state that low concentrations (<1,000 ppm) do not guarantee adequate ventilation 
rate for the removal of pollutants from indoor environments. Indoor concentrations of CO2 
in the classroom monitored showed high concentrations during the first four weeks, with 
the highest values obtained in week 2 (2671.70 ppm) and week 4 (2312.09 ppm) and a 
gradual decrease in the last five weeks. Fig 4.3 depicts the variation of indoor CO2 
concentrations throughout the week and during class periods. A correlation was observed 
between CO2 levels and occupancy, with the highest indoor values recorded during class 
periods. Indoor/Outdoor (I/O) ratios obtained ranged between 1.60 and 5.46. Table 4.3 
summarizes CO2 concentrations during week and occupation periods, with the average I/O 
ratios. 
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High indoor CO2 concentrations depicted are indicative of inadequate air exchange rates in 
the classroom. It was observed that CO2 increased with increase in time spent in classroom 
by the students and highest concentrations rose up from morning, the break- periods, and u 
lunch time until the end of class in the afternoon. The average CO2 concentrations during 
occupancy exceeded the recommended value of 1000 ppm, denoting poor ventilation. This 
pattern is more pronounced during the first 4 weeks (lower temperatures and rainy days) 
with windows closed most of the time. After the fourth week, weather conditions became 
warmer and the windows stayed open all through the sampling period. The above pattern 
could account for this variation in CO2, with respect to occupation periods. 
 CO2 is a by-product of respiration in humans hence humans release CO2 during breathing. 
The number of individuals in a building and the ventilation system can be indicative of 
high concentrations of CO2 in indoor environment during occupancy. Similarly, the 
presence of plants in indoor environment serves as a sink for CO2 as they take up this 
pollutant for energy production in their food cycle. At the end of the day, after students had 
exited the classroom, CO2 concentrations decreased slowly and later at night, the levels 
came close to outdoor concentrations. The presence of trees in the school playground as 
well as the location of the urban green park around the same vicinity coupled with vehicle 
emissions were probable sources and sinks for CO2 in outdoor at the school site. CO2 
concentrations reduced after week 4, a possible explanation could be due to the 
introduction of plants into the classroom. Their presence may have served as a sink for 
CO2, hence a decrease in concentrations, observed during week and occupational periods. 
 Results were obtained by Yoon et al. (2010) are where CO2 concentrations were higher in 
indoor classroom air than in outdoor air are consistent with those obtained in this study. 
Table 4.3. Indoor/Outdoor ratio of CO2  
week Indoor CO2 
concentration
(ppm) 
Outdoor 
CO2 
concentrat
ion(ppm) 
I/O ratio Indoor CO2 
concentratio
n(ppm) 
Outdoor 
CO2 
concentrati
on(ppm) 
I/O 
ratio 
 week week  Occupation Occupation  
1 1092.66 *  1716.08 *  
2 1540.03 448.73 3.43 2671.70 489.64 5.46 
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3 1052.57 410.19 2.57 1623.82 412.90 3.93 
4 1482.21 415.76 3.57 2312.09 433.13 5.34 
5 701.27 403.86 1.74 1013.09 420.43 2.41 
6 603.80 377.61 1.60 807.43 390.83 2.07 
7 728.05 377.89 1.93 1088.08 405.73 2.68 
8 583.12 347.85 1.68 770.63 370.28 2.08 
9 582.17 332.17 1.75 736.75 354.55 2.08 
* 
o values were collected for the first week of sampling Outdoors. 
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Fig 4.3 Indoor CO2 concentrations (classroom) 
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Fig 4.4 Outdoor CO2 concentration (Patio). 
Carbon monoxide (CO) values were low ranging from 0.0-0.17 ppm. CO is a by-product of 
incomplete combustion of organic materials and it is one of the most observed traffic 
pollutants in urban area. In this study, CO values were below the World Health 
Organisation (WHO) specific guidelines for distinct periods: 100mg/m
3
 for 15 mins 
exposure, 60 mg/m
3
 for 30 mins, 30 mg/m
3
 for 1hour and 10mg/m
3 
for 8 hours 
(Chaloulakou et al. 2003). The European legislation guideline standard for CO is 10 mg/m
3
 
for 8hrours of exposure. The total amount of time the pupils spend in class for the whole 
day amounts to 8 hours (9:00am - 17:30pm). CO concentration levels were well below the 
average maximum values as defined by the European Legislation. Health effects usually 
associated with CO include its high affinity to blood haemoglobin, where it blocks the 
oxygen carrying capacity of blood (Jantunen, 2007). CO is produced in the human body 
endogenously by enzymes (Mines, 1997), and is detectable in small quantities in exhaled 
air (Zayasu et al. 1997), Some studies report that human exposure to microenvironments of 
high CO concentrations can increase CO levels in exhaled air, proving to be an indicator of 
air pollutant levels (Jones and Lam, 2006). 
CO concentration values follow the same pattern as for CO2 values with a marked increase 
in indoor concentrations for weeks 2 and 4. A similar patter is observed throughout the 
sampling period but for week 4 where outdoor concentration of CO during week is a little 
higher than indoor (0.11 ppm and 0.13 ppm respectively). Indoor measured values were 
below recommended exposure limit set by RSECE (12.5 mg/m
3
) and the Portuguese 
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Environment Agency (Agencia Portuguesa Do Ambiente, APA), recommended exposure 
value of 10 mg/m
3
 (8 hours) and an acceptable maximum value of 1.55 mg/m
3
 (Decree- 
Law n
o
 111/2002 de 16 April APA, 2009). Indoor CO values were higher during 
occupancy (class period) than during the week. Same pattern was observed for outdoor 
values, this depicts a correlation between CO values and occupancy. Fig 4.5 shows the 
variation of CO concentration both indoors and outdoor, with outdoor values higher than 
indoors. Mean I/O ratios ranged from 0 to 2.5, with the highest obtained for week 2 during 
indoor and outdoor occupancy periods (Table 4.4). These results are in agreement with 
results obtained by other studies (Pegas et al., 2010; Yoon et al., 2010). 
 
 
 
 
38 
 
 Taking into account the location of the school along Aveiro’s main motor route and the 
values obtained both indoors and outdoors, a possible outdoor source of CO is from 
vehicle exhausts (incomplete combustion of fuel and natural gas) and this could account 
for the concentration of CO in indoor environment of school, due to air exchange between 
indoor and outdoor environments. Another possible indoor source could be the school 
kitchen/canteen, where lunch was prepared for the students. Combustion sources (heating 
and cooking appliances) and tobacco smoke are a common source of CO in indoor 
environment.  
Table 4.4. Indoor/Outdoor ratio of CO 
 Indoor 
conc.(ppm) 
Outdoor 
conc.(ppm) 
I/O 
ratio 
Indoor 
conc.(ppm) 
Outdoor 
conc.(ppm) 
I/O 
ratio 
Period(week) week week  occupation occupation  
1 0.03 *  0.04 *  
2 0.05 0.14 0.36 0.10 0.04 2.5 
3 0.02 0.06 0.33 0.04 0.02 2 
4 0.07 0.17 0.41 0.14 0.16 0.88 
5 0.02 0.06 0.33 0.04 0.08 0.50 
6 0.01 0.11 0.09 0.01 0.13 0.08 
7 0.01 0.11 0.09 0.02 0.13 0.15 
8 0.02 0.08 0.25 0.05 0.12 0.42 
9 0.00 0.12 0 0.00 0.17 0 
* No values were collected for first week of sampling Outdoors. 
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Fig 4.5. CO concentration variation indoor/outdoor. 
4.1.3. Total Volatile Organic Compounds (TVOC) 
 
Total VOC concentrations could give an indication about the influence of aerosol sprays, 
solvents, cleaning agents, pesticides, paints and repellents (Pegas et al. 2010). Indoor 
TVOC measurements observed in the classroom over the sampling period, ranged from 
0.02 mg/m
3
 to 1.49 mg/m
3
 (Table 4.4). Results obtained were below the recommended 
value of 0.6 mg/m
3
 for TVOCs in indoor environment in Portuguese buildings. The highest 
values were recorded in week 2, with an average indoor TVOC concentration of 1.49 
mg/m
3
, registered during class period (occupation). The students’ arts class with glue and 
paints could account for the peak concentration of TVOC. 
 During the second week of sampling (14 March -18 March 2011), students were involved 
in art classes, preparing cards and drawings towards the celebration of ‘father’s day’
 
in 
Portugal (20-21 March) at the end of the class period. The wall of the classroom was 
covered with coloured drawings. This is consistent with results obtained by Zhang et al 
(2006), when they identified relatively high levels of VOCs, associated with visual art 
classroom. Also similar results were obtained by Pegas et al. (2010) in their investigation 
of outdoor/indoor air quality in schools in Lisbon. Their results showed an increase in 
VOC concentrations during art classes. Furthermore, cleaning of the classroom was done at 
the end of each day with VOC-containing products. Taking into account that the first two 
weeks of sampling had relatively cold weather conditions (end of winter); the windows in 
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this class were constantly closed. Accumulation of TVOC in the classroom due to poor 
ventilation could account for the peak concentrations in this week. Fig 4.6 shows a 
variation of TVOC in the classroom throughout the sampling period. 
Table 4.5. Indoor TVOC concentrations. 
Sampling 
period(weeks) 
TVOC(mg/m
3
) 
week(AM±SD) 
TVOC(mg/m
3
) 
occupation(AM±SD) 
1 0.19 ± 0.37 0.29 ± 0.50 
2 0.83 ± 1.78 1.49 ± 2.50  
3 0.12 ± 0.15  0.11 ± 0.08 
4 0.19 ± 0.15 0.16 ± 0.09 
5 0.03 ± 0.05  0.04 ± 0.05 
6 0.04 ± 0.22 0.07 ± 0.33 
7 0.05 ± 0.12 0.07 ± 0.12 
9 0.02 ± 0.05 0.05 ± 0.07 
9 0.02 ± 0.03 0.03 ± 0.04 
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Fig 4.6. Indoor TVOC concentrations during week and occupation period. 
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4.2. Carbonyl Compounds 
 
Carbonyl compounds were sampled passively for a nine-week period and by active 
sampling. The main carbonyl compounds identified through passive sampling both indoors 
and outdoors include; formaldehyde, acetaldehyde, acrolein/acetone, propionaldehyde, 
crotonaldehyde, butyraldehyde and benzaldehyde. Of the compounds identified, six of 
them were the targeted compounds and they quantified following equations 3.3 and 3.4 in 
the previous chapter. The same compounds were quantified by Active sampling, alongside 
isovaleraldehyde. Concentrations of carbonyls found were higher indoors than outdoors 
and particularly for acrolein/acetone. In this section, results obtained by passive sampling 
will be discussed first, and then active sampling will be presented later in details.  
 
4.2.1 Formaldehyde 
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Fig 4.7 Formaldehyde concentrations (µg/m
3
) indoor 
 
Formaldehyde was detected in all of the samples analysed, with concentrations ranging 
from 13.16 to 26.70 µg/m
3
.
 
Concentrations during class periods (occupation) were found to 
be higher, with the highest value (26.70µg/m
3
) recorded in week 2 (Fig 4.7). This suggests 
that indoor sources are significant contributors to indoor levels than outdoor sources. A 
similar pattern ( week average and occupancy average)  was observed for outdoor samples 
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as well (Fig 4.8). From week 1, formaldehyde concentrations increase during occupation 
period, with a sharp increase in week 2 and later the concentrations vary along the 
following weeks. This significant increase in week 2 could be due to combustion sources 
such as heating devices and cook stoves. Other possible sources may involve formaldehyde 
being released from cleaning products, glues and paints. Taking into account that the 
campaign started at the end of winter, implying cold weather conditions, windows were not 
opened during the first four weeks and a heater was used during these weeks for heating. A 
reduction in air exchange rates between indoor/outdoor environments could cause 
accumulation of formaldehyde during this period. Studies by Dingle and Franklin (2002) 
reported concentration of formaldehyde significantly affected by season and building age. 
The school building was made of old red bricks indicating it was built around the early 70s 
or 80s.  
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Fig 4.8 Formaldehyde concentrations (µg/m
3
) Outdoor 
 
A similar pattern is observed for outdoor concentration of formaldehyde, with occupation 
values higher than week (Fig 4.8). Another noticeable pattern is the gradual increase from 
week 2 to week 9. Increase in temperatures and a gradual change in season from winter to 
spring to summer could affect the concentrations of formaldehyde outdoors due to increase 
photochemical activity (Lee et al 2001). This could account for the pattern observed after 
week 2, a gradual increase in outdoor formaldehyde concentrations during occupation 
period. Possible outdoor source of formaldehyde could be from incomplete combustion of 
fuel from vehicles due to an intense traffic route close to the school and regional 
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formaldehyde photochemical production. Average indoor/outdoor ratios were greater than 
1 (Table 4.6), with the high values of 8.88, observed during the week. The high I/O ratios 
for formaldehyde during week in relation to occupancy period could be due to higher 
ventilation rates during this period. It denotes that indoor sources of formaldehyde could be 
related with a continuous. However, outdoor concentrations could explain part of the 
difference between week and occupation periods as high concentrations are observed 
during daylight.  
  
Although appreciable concentrations were observed, formaldehyde concentrations did not 
exceed the WHO standard value of 100 µg/m
3 
for 30 mins exposure. Health effects 
associated with formaldehyde concentrations may include eye irritation, nose and throat 
irritation. Results from this study are consistent with other studies (Yoon et al. 2010, Pegas 
et al. 2010 and Sofuoglu et al. 2010) which obtained similar results with regards to 
formaldehyde concentrations. 
 
Table 4.6 Indoor/Outdoor ratio of Formaldehyde concentrations (µg/m
3
) 
Period(week) Indoor 
week 
Outdoor 
week 
I/O ratio Indoor 
occupation 
Outdoor 
occupation 
I/O ratio 
1 14.95 *  20.20 *  
2 18.92 4.33 4.37 26.70 5.44 4.91 
3 18.63 4.08 4.57 21.01 4.52 4.65 
4 18.11 3.79 4.78 23.49 6.76 3.47 
5 13.16 4.75 2.77 14.73 7.86 1.87 
6 13.66 5.75 2.38 16.47 9.37 1.76 
7 16.15 1.82 8.88 22.30 5.84 3.82 
8 16.47 6.19 2.66 20.73 10.26 2.02 
9 19.28 7.17 2.69 22.78 10.64 2.14 
* No values were collected during first week of sampling outdoors. 
 
 
 
 
 
 
 
44 
 
4.2.2 Acetaldehyde 
 
Acetaldehyde classified under the Clean Air Act Amendment as a hazardous air pollutant 
was found in all the samples analysed. Results indicate that mean average concentrations 
of acetaldehyde indoors were significantly higher than outdoors (figs 4.9 and 4.10). 
Concentrations ranged from 8.6 to 22.85 µg/m
3
 indoor and outdoor from 3.5 to 12.65 
µg/m
3
.  
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Fig 4.9 Indoor Acetaldehyde concentrations (µg/m3) 
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Fig 4.10 Outdoor Acetaldehyde concentrations (µg/m
3
) 
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The highest concentrations were observed for week two both indoor and outdoor with 
respect to occupational periods. Mean I/O ratios ranged from 1.19 to 4.71 during week and 
1.31 to 4.61 during occupancy (table 4.7). High CO2 concentrations have been known to 
affect the levels of acetaldehyde in indoor air (Clarise et al. 2003). Due to high levels of 
CO2 observed during week 2 occupation, could account for the high levels of acetaldehyde 
during the same period. Possible indoor sources could include combustion from cigarette 
smoke, fireplaces, and cook stoves. Also taking into account that weather conditions were 
cold, poor air exchange rates between the classroom and outdoor could lead to 
accumulation of the pollutant during occupancy.  
 
In outdoor, concentrations decreased after week 2 with a marked increase in week 5. 
Outdoor concentrations of acetaldehyde were higher during occupancy than week. This 
could be due to increase in temperature and increase in traffic which could be a major 
source of acetaldehyde in urban areas and could account for its concentration during 
occupation period. The variation of outdoor CO concentrations had a different pattern from 
that of formaldehyde, with  an irregular week/occupation trends. Higher I/O ratios indicate 
indoor sources are significant to the levels of carbonyls than outdoor sources. Also studies 
have shown indoor source of acetaldehyde could be as a result of its formation from 
reactions involving ozone and unsaturated VOCs like terpenes. 
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Table 4.7 I /O ratios of Acetaldehyde concentrations (µg/m
3
)  
 Indoor 
week(µg/m
3
) 
Outdoor 
week 
(µg/m
3
) 
I/O 
ratio 
Indoor 
occupation(µg/m
3
) 
Outdoor 
occupation(µg/m
3
) 
I /O 
ratio 
1 13.19 na  21.18 na  
2 14.72 6.28 2.34 22.85 12.65 1.81 
3 16.47 3.5 4.71 18.32 3.97 4.61 
4 11.46 3.74 3.06 17.96 6.33 2.84 
5 12.26 10.33 1.19 18.39 9.79 1.88 
6 8.62 4.85 1.78 11.41 9.06 1.26 
7 9.4 7.32 1.28 14.98 5.85 2.56 
8 9.18 4.88 1.88 13.79 7.67 1.80 
9 9.29 5.63 1.65 14.33 10.91 1.31 
Corr 8.6   14.16   
Na- not available, Corr- Corridor values. 
 
4.2.3 Acrolein/Acetone 
 
In all samples analysed, concentrations of acrolein and acetone were very high (fig 4.11 
and 4.12) both indoor and outdoor. Acrolein is known to cause eye irritation in indoor air 
when exposed to high concentrations.
a
 Health Canada reported minimum values of 
exposure to which eye irritation is observed at 1µg/m
3
.  High concentration levels were 
observed both indoor and outdoor with the highest values registered indoors during 
occupancy (2179.25 µg/m
3
). I /O ratios during week ranged from 3.05 to 13.14 during 
week and during occupancy, from 1.59 to 17.88 with the highest ratio found between 
indoor/outdoor occupancy periods (table 4.8). One major constraint towards identifying 
acrolein or acetone was the fact that they appeared as one peak during analysis and it was 
difficult to ascertain which compound had the greater concentration. Possible sources of 
acrolein in indoor air of schools are mainly from cleaning products. 
                                                     
a
 http://www.hc-sc.gc.ca/ewh-semt/pubs/air/exposure-exposition/non-carcino-eng.php accessed 
June 15 2011 
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Fig 4.11 Indoor concentrations of Acrolein/acetone (µg/m
3
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Fig 4.12 Outdoor concentrations of Acrolein/acetone (µg/m
3
) 
In indoor, concentrations are very high during the first two weeks. Poor ventilation could 
account for the marked concentration levels due to cold weather conditions during the first 
2 weeks. Also the windows were closed and the heater was turned on, this could also 
account for the high concentrations. Cleaning was done at the end of the class everyday, 
cleaning products containing acrolein/ acrolein-based products could be a source of 
acrolein in indoor air.  In week 5, concentrations are lower during occupancy than during 
the week. Possible infiltration from outdoor sources could account for these results. Studies 
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show that aldehyde concentrations increase with increase in temperatures. Indoor/outdoor 
ratios of acrolein/acetone show a different pattern from formaldehyde and acetaldehyde. 
The I/O ratio during occupancy is higher than week period in the 2
nd
 week but it changes 
as from the 3
rd
 week, with high week I/O ratios as compared to occupation period till the 
6
th
 week. Thereafter the pattern changes with I/O ratios for occupation higher than week 
period.   Limited studies have been carried out on acrolein/ acetone interactions in indoor 
air and international bodies have not yet set guidelines towards exposures to acrolein or 
acetone. The peak observed during analysis showed one broad peak for acrolein and 
acetone. In this study, only the concentration for acrolein was calculated but it should be 
noted that its just part of the combination as it was not possible to determine which 
compound had a higher percentage than the other. 
Table 4.8 I/O ratios for Acrolein/Acetone concentrations 
 Indoor 
week(µg/m
3
) 
Outdoor 
week 
(µg/m
3
) 
I/O 
ratio 
Indoor 
occupation(µg/m
3
) 
Outdoor 
occupation(µg/m
3
) 
I /O 
ratio 
1 
262.88 
na  
589.24 
na  
2 
971.7 73.94 13.14 2179.25 121.88 17.88 
3 
188.25 16.51 11.40 187.79 27.77 6.76 
4 
103.94 10.21 10.18 158.19 29.66 5.33 
5 
282.03 19.15 14.73 86.01 33.08 2.60 
6 
95.38 20.92 4.56 187.1 117.69 1.59 
7 
50.36 13.13 3.84 102.01 20.42 5.00 
8 
47.59 7.30 6.52 109.83 12.63 8.70 
9 
23.53 7.72 3.05 41.91 13.91 3.01 
Corr 
20.53 
  
39.82 
  
 
4.2.4 Butyraldehyde 
 
Butyraldehyde was the second compound with high concentrations measured during this 
campaign. Concentrations of up to 43 µg/m
3
 were found in indoor during occupancy. High 
indoor concentrations were observed during occupation period in the first three weeks but 
a significant increase in week concentration in week 5 is noticed (fig 4.13). This pattern is 
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same for acrolein/acetone, and Propionaldehyde. This could be an indicator of infiltration 
from outdoor sources into indoor by ventilation and a similar indoor source for these three 
compounds. Windows were opened as from the fifth week and stayed open till the end of 
the campaign. I / O ratios ranged from 1.36 to 3.41 and 1.78 to 6.62 during occupation and 
week periods respectively. Also photochemical reactions during the day could affect 
concentrations of aldehydes outdoors and could be a source. The absence of butyraldehyde 
in the third and fourth week could indicate uptake  
 
4.2.5 Propionaldehyde and Benzaldehyde 
 
Of all the compounds measured, propionaldehyde and benzaldehyde had the least 
concentrations as compared to the previous four compounds. Propionaldehyde 
concentrations indoor increase as from weeks 5 -9 and the same pattern is observed 
outdoor (fig 4.14 - 4.415). Indoor concentrations ranged from 0.89 to 4.56 µg/m
3
 during 
the week and 1.18 to 6.22 µg/m
3
 during occupancy. These results are far higher than those 
reported by Pegas et al. (2010) in their study in Lisbon schools (. However outdoor 
concentrations were lower than indoor. High levels in classrooms suggest a minimal 
contribution from outdoor sources rather air flow exchange from indoor to outdoor could 
be indicative of possible contribution of indoor to outdoor concentration of this pollutant. 
Benzaldehyde concentrations were low and observed only during the first weeks (fig 4.16-
4.17). Like propionaldehyde, indoor concentrations were higher than outdoor. Limited 
studies have been carried out with respect to sources of benzaldehyde in indoor air. 
Nonetheless possible sources could be from cleaning products used to clean the floors and 
tables, air transport from the industrial zone in Aveiro which could transfer pollutants 
generated at the factories to the city. 
  
Benzaldehyde is classified a carcinogen to human health. Low concentrations were found 
as compared to formaldehyde and acetaldehyde (fig4.17-4.18). Indoor concentrations were 
higher than outdoor concentrations during week and occupation periods. I /O ratios ranged 
from 1.05 to 1.96 during occupation and 1.0 to 2.67. I/O week ratios are higher than those 
for occupation periods for benzaldehyde although there are little changes to the pattern for 
propionaldehyde and butyraldehyde (tables 4.9 and 4.10). Little is known about the sources 
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of benzaldehyde in indoor environments. Like the other aldehydes, common sources may 
include building materials, cleaning products, and photochemical reactions between ozone 
and terpenes to produce aldehydes in indoor air environments and combustion sources. 
Health effects associated with benzaldehyde exposures may include irritation of eyes, nose 
and throat, may also cause dizziness and light-headedness.  
Table 4.9 I / O ratio of Butyraldehyde, propionaldehyde and benzaldehyde concentrations 
during occupation period. 
 
 Butyraldehyde  Propionaldehyde Benzaldehyde  
 I.O 
(µg/m
3
) 
O.O(µg/m
3
) 
I /O 
ratio 
I.O(µg/
m
3
) 
O.O(µg/m
3
) 
I /O 
ratio 
I.O O.O I /O 
ratio 
1 41 * * 6.22 * * 1.69 *  
2 42.9 12.57 3.41 * 0.85 * 1.88 0.96 1.96 
3 38.51 * * 1.18 0.06 19.67 2.23 0.91 2.45 
4 20.06 * * 1.8 0.57 3.16 2.5 1.3 1.92 
5 28.95 17.34 1.67 5.05 2.38 2.12 1.62 1.55 1.05 
6 24.12 28.99 0.83 5.44 7.9 0.69    
7 26.96 12.38 2.18 3.21 4.39 0.73    
8 22.25 12.56 1.77 3.63 3.52 1.03    
9 23.55 17.38 1.36 3.46 3.49 0.99    
C 21.04   2.89      
(* No values, I.O-indoor occupation, O.O- outdoor occupation)  
 
Table 4.10 I/O ratio of Butyraldehyde, propionaldehyde and benzaldehyde concentrations 
during week period. 
 Butyraldehyde  Propionaldehyde Benzaldehyde  
 I.W 
(µg/m
3
) 
O.W(µg/
m
3
) 
I /O 
ratio 
I.W(µg/
m
3
) 
O.W(µg/
m
3
) 
I /O 
ratio 
I.W O.W I /O 
ratio 
1 
26.64 
* * 
4.56 
* * 
0.91 
*  
2 
26.2 3.96 6.62 0.89 0.53 1.68 1.76 0.66 2.67 
3 
28.7 0.00 * 1.02 0.39 2.62 1.58 0.62 2.55 
4 
21.8 0.00 * 2.02 0.38 5.32 1.07 0.43 2.49 
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5 
36.04 13.81 2.61 5.56 3.48 1.60 1.24 1.24 1.00 
6 
21.46 12.03 1.78 4.54 5.77 0.79 
   
 
21.27 9.44 2.25 3.95 0.42 9.40 
   
7 
18.65 8.22 2.27 2.76 2.22 1.24 
   
8 
17.73 7.51 2.36 2.75 1.49 1.85 
   
9 
15.96 
17.38 1.36 
2.18 
3.49 0.99    
C 21.04   2.89      
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Fig 4.13 Indoor concentrations for Butyraldehyde (µg/m
3
) 
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Fig 4.14 Outdoor concentrations for Butyraldehyde (µg/m
3
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Propionaldehyde Indoor
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Fig 4.15 Indoor variations of propionaldehyde concentrations (µg/m3)
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                Fig 4.16 Outdoor variation of Propionaldehyde concentrations (µg/m
3
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             Fig 4.17 Indoor variation of Benzaldehyde concentrations (µg/m
3
)  
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               Fig 4.18 Outdoor variation of Benzaldehyde concentration (µg/m
3
)   
  
4.3 Active Sampling 
 
Samples collected by active sampling were analysed and the following carbonyl 
compounds were identified formaldehyde, acetaldehyde, acrolein/acetone, butyraldehyde, 
crotonaldehyde, propionaldehyde and isovaleraldehyde.  Sampling was done for two days 
,24th March (week 3) and 25th May (week 9) with a time span between sampling period to 
be 6 weeks and an average sampling time of 2 hours in agreement with student occupancy 
period. For the first sampling period, a total of 10 samples were collected, five samples 
each for indoor/outdoor. For the second sampling period, a total of 8 samples were 
collected, 4samples each for indoor/outdoor. This is due to the fact that some cartridges did 
not sample.  The results obtained are discussed in details in this section. 
 
Concentrations of carbonyl compounds identified ranged from 1.30 µg/m
3
 to 565 µg/m
3
 
with acetaldehyde having the least concentrations indoor /outdoor at STP and 
acrolein/acetone having the highest concentrations indoor/outdoor (table 4.11 and 4.14). 
Indoor/outdoor ratios ranged from below 0 to 18.83. Diurnal variations showed a steady 
increase from morning to afternoon, with concentrations increasing with temperature rise 
and pupils activities indoor and outdoor. The source emissions for these carbonyl 
compounds are the same as observed and discussed for passive sampling taking into 
account sampling was done in the same classroom. 
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Isovaleraldehyde was identified amongst the common carbonyls found in this indoor 
environment. Possible sources could be from cleaning products and other associated 
sources like heating. Indoor concentrations were lower than outdoor concentrations for 
some compounds as from midday. High outdoor concentrations during the second 
sampling period (May 25
th
) correlate with the fact that carbonyl concentrations with 
increase in temperature. 
 
Reference guidelines towards maximum levels of certain carbonyl compounds in indoor air 
have been established by international organisations and other environmental bodies. In 
Germany, limit values for formaldehyde and crotonaldehyde have been established at 120 
µg/m
3
 and 1 µg/m
3
 respectively. In France and California (USA), limit values for the same 
compounds are about 10 – 20 % lower than for Germany (formaldehyde – 10 µg/m
3, 
crotonaldehyde – 1 µg/m
3)
 and in California, formaldehyde levels are set at 33 µg/m
3
 and 
no limit value for crotonaldehyde. Comparing with results obtained from this study, indoor 
concentrations for formaldehyde (ranging from 3.15 – 26.81µg/m
3
) did not exceed WHO 
limit value of 100 µg/m
3
 for 30 mins exposure but they exceed limit values set by France. 
These reference values established by Germany, France and California were based on 
occupancy exposure limits (Reinhard and Neuhaus 2008). Acrolein/acetone had highest 
outdoor concentrations (ranging from 35.40 – 404.57 µg/m
3
), followed by 
isovaleraldehyde (281.04 – 565 µg/m
3
). Crotonaldehyde and propionaldehyde were 
observed only during the first sampling and only indoor, while the rest of the compounds 
were observed during both sample periods, indoor and outdoor. 
Table 4.11 Indoor concentrations (µg/m
3
) of carbonyl compounds during first sampling at 
STP (23-24
th
 March 2011) 
Time
(hou
rs) 
Formald
ehyde(µg
/m
3
) 
Acetalde
hyde(µg
/m
3
) 
Acrolein/
acetone(µ
g/m
3
) 
Butyrald
ehyde(µg
/m
3
) 
Crotonal
dehyde(µ
g/m
3
) 
Isovaleral
dehyde(µ
g/m
3
) 
Propional
dehyde(µ
g/m
3
) 
9:25-
12:0
0 
3.15 1.27 14.60 
ND ND ND ND 
9:30- 
10:3
21.42 9.20 101.01 20.18 4.44 123.86 3.18 
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0 
10:3
5 – 
12:0
5 
24.83 12.23 92.07 18.86 3.97 92.18 2.12 
13:4
0 – 
15:0
5 
19.26 14.10 196.46 14.46 3.48 70.34 1.08 
15:3
0 – 
16:5
0 
20.27 17.48 178.95 12.39 3.53 70.67 0.82 
( ND- Not detected for sample collected on 23
rd
 March 2011) 
Table 4.12 Outdoor concentrations of carbonyl compounds at STP (23-24
th
 March 2011) 
Time(h
ours) 
Formaldehyd
e(µg/m
3
) 
Acetaldehyd
e(µg/m
3
) 
Acrolein/aceto
ne(µg/m
3
) 
Butyraldehyd
e(µg/m
3
) 
Isovaleraldehy
de(µg/m
3
) 
9:50-
12:05 
2.35 1.55 229.74 5.73 291.97 
9:20-
10:45 
5.83 2.58 218.06 10.11 481.45 
11:00-
12:30 
5.90 3.29 264.91 8.84 491.19 
13:41-
15:20 
7.96 1.63 35.40 6.95 383.83 
15:30-
16:55 
6.46 3.26 404.57 9.23 565.68 
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Table 4.13 Indoor concentrations (µg/m
3
) of carbonyl compounds at STP (25
th
 May 2011) 
Time(hou
rs) 
Formaldehy
de 
Acetaldehy
de 
Acrolein/acet
one 
Isovaleraldeh
yde 
Propionaldeh
yde 
9:25-12:00 
26.81 14.76 88.38 58.13 2.71 
9:30- 
10:30 
20.65 15.77 83.85 76.26 3.68 
10:35 – 
12:05 
12.92 8.53 77.51 85.74 2.06 
13:40 – 
15:05 
- - - - - 
15:30 – 
16:50 
11.70 7.69 103.29 52.11 0.91 
( - No available samples) 
 
Table 4.14 Outdoor concentrations (µg/m
3
) of carbonyl compounds at STP (25
th
 May 
2011) 
Time(hour
s) 
Formaldehy
de 
Acetaldehy
de 
Acrolein/aceto
ne 
Isovaleraldehy
de 
butyraldehy
de 
9:20-10:45 28.99 22.63 166.76 281.04 17.84 
11:00-
12:30 
1.82 7.74 258.46 520.95 6.07 
13:41-
15:20 
0.82 7.27 248.53 504.39 6.31 
15:30-
16:55 
1.31 4.65 199.88 395.55 4.38 
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4.4 Outdoor contribution to Indoor source of Carbonyl compounds 
 
This study aimed measuring the concentrations of carbonyl compounds in indoor 
environment of schools. The main carbonyl compounds quantified, showed significant 
concentrations which are indicative of possible indoor sources of these compounds in 
schools. The results obtained indicate that outdoor sources have a little contribution to 
indoor concentrations of carbonyls. The variation in I/O ratios of the various compounds 
show a significant difference and is consistent with other studies (Stranger et al. 2008  
Pegas et a.l 2010, Sofuoglu et a.l 2010),  carried out on the contribution of indoor sources 
to elevated concentrations of pollutants in schools.  Although the school was situated in the 
vicinity of a major traffic route in Aveiro, where emissions from vehicles, industrial 
combustion and atmospheric chemical reactions are typical sources of outdoor carbonyls, 
indoor sources dominated over outdoor sources. 
The proximity of the Aveiro Industrial region, located North-East of the city could be a 
possible outdoor source of carbonyls. Air plumes arising from the exit chimneys of the 
industries can be transported to the city centre where their concentrations accumulate. This 
could be an explanation towards the high concentrations of acrolein/acetone, 
butyraldehyde and propionaldehyde during the week indoors. 
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CHAPTER 5. CO
CLUSIO
 A
D RECOMME
DATIO
S 
 
Indoor and outdoor concentrations of carbonyl compounds were measured for nine weeks 
and the six main carbonyl compounds quantified using equations 3.3 and 3.4 were 
formaldehyde, acetaldehyde, acrolein/acetone (although only acrolein was actually 
quantified), butyraldehyde, propionaldehyde and benzaldehyde. Apart from these, other 
carbonyl compounds identified by passive sampling included crotonaldehyde and 
isovaleraldehyde. Of these six, acrolein/acetone and butyraldehyde had the highest 
concentrations indoors, followed by formaldehyde and acetaldehyde. Propionaldehyde and 
benzaldehyde had the least concentrations in indoor. Indoor levels of carbonyls were 
significantly higher than outdoor levels. Likewise concentrations of carbonyls were found 
to be higher during occupation periods than during the week. This suggests that activities 
carried out by the children during recreation periods lead to the production of carbonyl 
compounds. Low ventilation rates coupled with children activities were associated with 
increase in carbon dioxide concentrations which in turn affect the concentrations of 
carbonyls like acetaldehyde and formaldehyde. The introduction of plants during the fourth 
week may account for the decrease in CO2 concentrations in week and occupation periods. 
It may be of importance to evaluate to what extent plants serve in removing certain air 
pollutants from indoor environments.  
 
Time-weighted averages of carbonyl compounds calculated showed a marked increase of 
concentrations during a short sampling time in occupational period of pupils. Indoor 
concentrations for formaldehyde, acetaldehyde and butyraldehyde were higher than 
outdoor concentrations whereas acrolein/acetone and isovaleraldehyde show the opposite 
pattern. Formaldehyde concentrations were below WHO guideline limit values. Peak 
separation of acrolein and acetone was difficult due to their close retention times. It could 
not be determined whether acetone had a higher contribution or acrolein. Nonetheless, their 
combined concentrations observed in indoor and outdoor, calls for a detailed investigation 
as to their sources at Escola de Gloria.   
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Possible sources of carbonyl compounds identified include mainly from combustion 
sources (heating devices, cook stoves), cleaning products, building material, classroom 
equipment, classroom activities like painting and drawings using coloured inks and the 
effect of ambient parameters as well. Indoor/ Outdoor ratios were greater than one for all 
the compounds sampled. High levels of carbon dioxide were found indoors than outdoors 
with mean I /O ratio of 3.3 and 2.3 for week and occupation periods respectively. Average 
weekly temperatures were found in the range between 16.6± 1.16 oC and 26.29 ± 1.34 oC 
during class periods and 17.13 ± 1.06 oC to 26.26 ± 1.56 oC during the week indoors. 
Relative humidity values recorded indoors showed no significant difference between week 
and occupation periods but high values were observed during weeks 2 and 4.  
The highest enrichment factor for carbonyl compounds during occupation period could be 
justified by occupants’ activities (discontinuous sources of emission). Indoor 
acrolein/acetone, formaldehyde concentrations are an example of the presence of a 
continuous source of emission, with the highest I/O ratio during week basis. The specific 
objective of this study was to characterise IAQ in Escola de Gloria with regards to 
carbonyl compounds. The results obtained, are in agreement with other studies carried out 
involving IAQ in schools and other related indoor environments where exposure levels are 
due to occupancy.  
  
To fully evaluate the contribution of carbonyl compounds to IAQ in schools, a fully 
integrated study has to be carried out, involving investigation of other air pollutants to 
determine the relationship between exposure and health symptoms especially in children 
since they are more susceptible and vulnerable than adults. Furthermore, guidelines should 
be defined and a more detailed study carried out for compounds like butyraldehyde and 
benzaldehyde, as they are classified as carcinogenic to humans and whose health effects 
towards humans are not yet well defined. 
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Fig 4.20 
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Figure 4.20  
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Figure 4.21 
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week 1 benzaldehyde
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Figure 4.22 
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Figure 4.23 
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Figure 4.24 
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Figure 4.25 
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Figure 4.26 
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Figure 4.27 
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Figure 4.28 
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Figure 4.29 
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Figure 4.30 
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Figure 4.31 
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Figure 4.32 
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Figure 4.33 
 
week 3-4 benzaldehyde april 13
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Figure 4.44 
A. 3 Week three and Four Outdoor Curves 
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Figure 4.45 
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Figure 4.46 
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Figure 4.47 
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Figure 4.48 
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Figure 4.49 
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Figure 4.50 
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wk3-4 outdoor benzaldehyde april 15
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Figure 4.51 
 
wk 3 outdoor isovaleraldehyde
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Figure 4.55 
 A. 4 Week  5 Indoors and Outdoors 
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Figure 4.56 
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Figure 4.57 
acrolein/acetone wk 5
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Figure 4.58 
propanal wk 5
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Figure 4.59 
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Figure 4.60 
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y = 186900x - 1561.1
R2 = 1
-100000
0
100000
200000
300000
400000
500000
600000
0 0.5 1 1.5 2 2.5 3 3.5
conc
a
re
a Series1
Linear (Series1)
 
Figure 4.61 
A.5. Week 6, Indoors and Outdoors 
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Figure 4.62 
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Figure 4.63 
acrolein/acet week 6
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Figure 4.64 
propanal wk 6
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Figure 4.65 
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Figure 4.66 
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Figure 4.67 
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A.6. Week 7, Indoor and Outdoor 
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Figure 4.68 
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Figure 4.69 
 
 
87 
acrolein/acetona wk 7
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Figure 4.70 
propionaldehyde wk 7
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Figure 4.71 
butyraldehyde wk 7
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Figure 4.72 
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Figure 4.73 
 
 
 
 
A.7 Week 8 and 9 (Passive and Active, Indoor/ Outdoor) 
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Figure 4.74 
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Figure 4.75 
acrolein/acet wk 8
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Figure 4.76 
propanal wk 8
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Figure 4.77 
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butyraldehyde wk 8
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Figure 4.78 
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Figure 4.79 
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Figure 4.80 
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Figure 4.81 
acrolein/acet wk 9
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Figure 4.82 
propanal wk 9
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Figure 4.83 
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Figure 4.84 
butyraldehyde wk 9
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Figure 4.85 
benzaldehyde wk 9
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Figure 4.86 
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A.9 Week 9 Active Sampling (Indoor /Outdoor). 
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Fig 4.86 
acetaldehyde active indoors wk 9
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Fig 4.87 
acrolein/acetona active indoors wk 9
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Fig 4.88 
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propanal active indoors wk 9
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Fig 4.89  
butyraldehyde active indoors wk 9
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Fig 4.90 
benzaldehyde active indoors wk 9
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Fig 4.91 
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isovaleraldehyde active indoors wk 9
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Fig 4.92 
formaldehyde active outdoors wk 9
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Fig 4.93 
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y = 418313x + 1550.4
R2 = 1
0
200000
400000
600000
800000
1000000
1200000
1400000
0 0.5 1 1.5 2 2.5 3 3.5
conc
a
re
a Series1
Linear (Series1)
 
Fig 4.94 
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acrolein/acetona active outdoors wk 9
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Fig 4.95 
propionaldehyde active outdoors wk 9
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Fig 4.96 
butyraldehyde active outdoors wk 9
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Fig 4.97 
 
 
97 
benzaldehyde active outdoors wk 9
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Fig 4.98 
isovaleraldehyde active wk 9 outdoors
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Fig 4.99 
 
 
 
 
 
 
 
 
 
 
 
